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Abstract In amphioxus embryos, the nascent and eadg has often been described and may be summarized
mesoderm (including chorda-mesoderm) was visualizedefly as follows: The fertilized egg (less than 35t
by expression of Brachyurygene AmBra-3J. A band of in diameter and containing only a modest amount of
mesoderm is first detected encircling the earliest (vegetalk) undergoes cleavage to form the blastula, which is a
plate stage) gastrula sub-equatorially. Soon thereaftellow ball of cells surrounding a central blastocoel.
the vegetal plate invaginates, resulting in a cap-sha@atsequently, a flattening of one side of the blastula (the
gastrula with the mesoderm localized at the blastopovabetal plate) signals the start of the gastrula stage. As
lip and completely encircling the blastopore. As the gagastrulation progresses, the vegetal plate invaginates,
trula stage progresses, Dil (a vital dye) labeling demdargely obliterating the blastocoel and creating a new
strates that the entire mesoderm is internalized bysmace, the archenteron, which opens to the exterior via a
slight involution of the epiblast into the hypoblast ablastopore. The lip of the blastopore is where the outer
around the perimeter of the blastopore. Subsequentiill layer (epiblast) meets the inner cell layer (hypo-
during the early neurula stage, the internalized mesdast). One side of the blastoporal lip is dorsal — as sub-
derm undergoes anterior extension mid-dorsally (as sequent development demonstrates.
tochord) and dorsolaterally (in paraxial regions where Although the general features of amphioxus gastrula-
segments will later form). By the late neurula stag®; tion are not controversial, some of the details remain in
Bra-2 is no longer transcribed throughout the mesodedispute. For instance, claims that the dorsal lip can be
as a whole; instead, expression is detectable only in the&tinguished from the rest of the blastoporal lip on the
posterior mesoderm and in the notochord, but not in phasis of cell size or overall shape of the blastopore (re-
axial mesoderm where definitive somites have formed.viewed by Conklin 1932) have not been substantiated by
more recent work (Hirakow and Kajita 1991). It is also
Key words Mesoderm - NotochordBrachyury- not clear where the early boundaries separating the three
Amphioxus: primary germ layers should be drawn during the gastrula
stage after the advent of the mesoderm. Although the
whole hypoblast can be referred to as mesendoderm, it is
Introduction preferable to divide this tissue into a region of endoderm
and a region of mesoderm. For the present study, we
Amphioxus (phylum Chordata: subphylum Cephalochdprok advantage of the recent finding that the expression
data) is widely thought to be the closest living invertdomains ofBrachyurygenes reliably mark forming me-
brate relative of the vertebrates. Because of its excepderm in vertebrates (De Robertis et al. 1994) as well as
tional phylogenetic importance, amphioxus has been in-amphioxus (Holland et al. 1995; Terazawa and Satoh
tensively studied by biologists in general and by embr§©95). We gave special attention to the earliest gastrula
ologists in particular. The early embryology of amphiostage (not included in previous studies of amphioxus
Brachyury and to the anterior expansion of the mesoder-
Edited by D. Tautz mal zone during the early neurula stage.
S.C. Zhang Another controversy about amphioxus gastrulation
Institute of Oceanology, 7 Nan-hai Road, Qingdao 266071, chirfgoncerns whether epiblast cells are involuted around the
blastoporal lip to become hypoblast. Sobotta (1897),
,\NA'D: Holland - L.Z. Holland [(]) MacBride (1898, 1909) and Morgan and Hazen (1900)
arine Biology Research Division, - .
Scripps Institution of Oceanography, La Jolla, CA 92093-0202, thought there was no involution at all. In contrast, Lwoff
USA (1892), Cerfontaine (1906) and Conklin (1932) believed
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involution takes place all around the blastoporal lip atet. Each embryo was photographed in the same orientation at
is especially pronounceddorsally. Finally, Klaatsch about 6, 7, and 8 h after fertilization. Soon after, the embryos, by

. . en very late gastrulae, developed cilia, detached from the bottom
(1897) proposed involution occurs all around the blas{g,q dish, and began to swim. Between 8.5 and 36 h, the swim-

poral lip exceptdorsally. Therefore, to determine whichming embryos were killed in 4% paraformaldehyde for a final ob-
if any, of these versions of amphioxus gastrulation is ceervation by fluorescence microscopy.

rect, we labeled epiblast cells with a vital dye (Dil) and

followed their subsequent movements.

Results and discussion

Materials and methods No AmBra-2expression could be demonstrated by in situ
hybridizations of cleavage stages and blastulaBraf-

Ripe males and females of the Florida amphioBuanchiostoma ; ; s ;
floridae, were collected in Tampa Bay, Florida. The animals Wgﬁ%‘osmma floridae The first detectable transcripts

spawned in the laboratory and the embryos raised at 23.0 + 0.5009. 2A) appeared at the earliest gastrula stage (4.5 h) in
We usedBrachyuryexpression as a marker for mesodeBran- @ zone of cells encircling the embryo between the animal
chiostoma floridaehas twoBrachyury genes,AmBra-1and Am- hemisphere (ectoderm) and the flattened vegetal plate
Bra-2 (Holland et al. 1995). An antisense riboprobe Comp”s”‘(‘éndoderm) We assume that the cells expregsnBra-
about 850 base pairs starting from the®d ofAmBra-2was syn- 2 . .h d h il .
thesized and whole mount in situ hybridization8ofioridae em- 2 comprise the mesoderm (a term that we will use to in-
bryos were prepared according to the methods in Holland etGlde both the mesoderm sensu stricto plus, on the dorsal
(1996). Our in situ patterns withmBra-2were indistinguishable side, the chorda-mesoderm). The slightly sub-equatorial

(1995). . o .
For Dil labeling, fine forceps were used to remove the fertilizg-Iosely with the position of the presumptive mesoderm

tion envelope from blastulae (4 h), which fortuitously adhered t§vealed by the fate map constructed by Tung et al.
the bottom of 3.5-cm plastic petri dishes while continuing to dét962) for an earlier (32-cell) stage of amphioxus devel-
velop normally. At 5.5 h, cap-shaped gastrulae (Figs. 1A, 2B) wighment.

the blastopore pointing approximately upward were selected for _ _
labeling. A glass capillary tube was filled with Fast Dil oil (D- By the stage of the cap-shaped gastrula (6 h), the veg

3899; Molecular Probes, Eugene, Ore.) and then immersed in €3l Plate has invaginated amimBra-2is expressed
water, causing the dye to crystallize on the tube tip. To make eatfongly all around the lip of the blastopore, partly in
spot, the crystallized dye was applied with a micromanipulator bpiblast cells and partly in hypoblast cells (Fig. 2B).

gently touching the surface of the gastrula for about 2 min. _
each of ten embryos, the epiblast was dyed with eight spots (gg(tz%on after, by the stage of the cup-shaped gastrula (7 h),

about 30um in diameter) arranged radially around the blastoporgle Strongly expressing cells, presumably representing
An unstained zone of epiblast of about 2@ remained between the mesoderm, occur in a broad band located entirely

each spot and the blastoporal lip; the position of a single spowighin the lip of the blastopore (Fig. 2C). Thus, the hy-
shown diagrammatically by the hatching in Fig. 1A. An addition Ci;)alaSt is divisible into an endodermal (animal) zone and
C

75 cap-shaped gastrulae were dyed with a single spot of Dil e . : . .
at various positions on the epiblast or hypoblast; 10 of these ém- esodermal (vegetal) zone, while the entire epiblast is

bryos were stained with a single spot right on the blastoporal @;;:toderm_al. _
the position is shown diagrammatically by the stippling in Fig. 1LA. Conceivably, the movement of the entire mesodermal

_Dyed embryos were photographed alive under a fluorescengshe into the hypoblast might have resulted from initia-
microscope fitted with a DAPI (4,6-diamidino-2-phenylindole) filyj5 4y of AmBra-2expression in additional cells at the hy-
poblastic edge of the zone accompanied by down-regula-
tion of the same gene at the epiblastic edge of the zone.
However, the Dil movements during gastrulation show
that this is not a major cause of the internalization of the
mesoderm. Instead, movement of the dye spots between
6 and 7 h demonstrates that some of the epiblast is invo-
luted (Fig. 21,J), probably as a coherent sheet of cells,
over the blastoporal lip to become hypoblast. The
amount of involution, which is of approximately equal
extent everywhere around the blastoporal lip, appears to
be sufficient to account for the internalization of the me-
soderm.

Fig. 1A, B Diagrams of amphioxus gastrulae oriented with the |[n comparison to gastrulation in lower vertebrates,
animal poleupward and the blastopore sidiownward A Cap- gastrulation in amphioxus involves neither exaggerated

shaped gastrula (6 h after fertilization) with invaginating arche s - p
teron @r) and remnant of blastocoedd); stippling indicates the volution in the region of the dorsal lip of the blastopore

position of a Dil (a vital dye) spot directly on the blastoporal lipor any marked tendency of epiblast cells to converge to-
andhatchingindicates the position of a Dil spot 20n outside of ward the dorsal midline. For amphioxus, nothing definite
the blastoporal lipB Very late gastrula (8.5 h after fertilization);js known about the mechanical factors driving involution

the Dil spot originally on the blastoporal lip has been complet ik, ; _
involuted 6tippling) and the Dil spot originally 2QAm outside the ed(\é'g" cell shape and motility in the region of the blasto

blastoporal lip has moved right to the edge of the blastopdteral ”P)- Changes in cell Cyc!e |?ngth5 and mitotic pat-
(hatching terns might also play a part in tissue level movements
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Fig. 2A-K Whole mounts of amphioxus embryaal(scale lines during gastrulation, but no cell kinetic data are yet avail-
50 pm). A-H In situ preparations showing expressionAofiBra- gpje.

2; A—C are oriented with the animal palpward D—H are orient- . . P
ed with posterior (approximately equivalent to vegetal) pole tg- During the last part of gastrulation, there is little fur-

wardright. A Side view of early gastrula (4.5 IB. Side view of ther involution (Figs. 1B, 2K). At later developmental
cap-shaped gastrula (6 hJ. Side view of cup-shaped gastrulestages, after the blastopore has closed, the dye spots re-
(7 h). D Side view of early neurula (9.5 h); dorsal surfacaisE  majn in the ectoderm — on the outside of the embryos

Dorsal view of early neurula (9.5 h); dorsal wall of hypoblast i : _
focus;arrowsindicate small clusters of cells expressimBra-2 dnd larvae, except dorsally where they occur in the ecto

F Dorsal view of early neurula (9.5 h) with focal plane deepélermally derived dorsal nerve cord. Our observations on
than inE. G Dorsal view of late neurula (16 hamBra-2ex- the fate of single spots of Dil applied at various positions
pressed strongly in posterior mesoderm and moderately along eo-the epiblast and hypoblast of gastrulae (data not

tochord; no detectable expression in the definitive segments ongj: ; ;
ther side of midlineH Side view of 24-h embryo; dorsal surfac stiown) agreed well with the earlier results of Tung et al.

is up;, AmBra-2 expressed strongly in posterior mesoderm, be&iL962), who stained amphioxus blastomeres with Nile
weakly in notochord except at anterior and posterior ends; blddkie sulfate and followed their fates. In 20 embryos, cells
pigment cell in dorsal nerve cord indicated yowhead I-K  dyed with Dil right on the blastoporal lip at the stage of

LiVing gastl‘ula; thEHrI’OW indicates the dorsal Side (aS determinefhe Cup_shaped gastrula were |nternallzed durlng the next
from bright field microscopy); approximately vegetal pole view,

of single specimen marked with eight spots of Dil and photg'?-’W hours (Fig. 1B, stipp!ing)_, and at least some Of them
graphed by fluorescence microscopy at )h7 h (), and 8 hK) Were subsequently recruited into mesodermal somites.
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Changes inAmBra-2 expression domains after then the tailbud and notochord (De Robertis et al. 1994). It
end of gastrulation are shown in Fig. 2D—H; in these i, more difficult to relate expression patterns Bra-
situ diagrams, the blastopore (or approximate posteroyhury homologs in amphioxus and other invertebrates.
end) — which is toward the bottom of Fig. 2A-C — is orFor instance, th8rachyuryhomolog inDrosophilaem-
ented toward the right. In the early neurula (9.5 h), theyos is expressed in the hindgut epithelium (Kispert et
internalized mesoderm, as marked AynBra-2expres- al. 1994), but it would be premature to suggest an ho-
sion, still occupies the most posterior (formerly animaf)ology between the insect hindgut and chordate noto-
region of the hypoblast and has also begun to spreaddrord. There is an obvious need for description of
teriorly along the dorsal and dorsolateral walls of the hgrachyurygenes and their developmental expression in a
poblast (Fig. 2D). This spread could result from soméde spectrum of animal phyla.
combination of: (1) changes in individual cell shape or
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